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Abstract

Introduction

One of the goals in biology is to relate the
ultrastructure
with the movement of elements to
under stand better phys i o logical and pathophys i ol og i cal
mechanisms.
Electron
energy
lo ss
spectroscopy
(EELS) imaging, which was developed
in the last
decade,
appears
to be an ideal
technique to make such correlation.
EELS takes
advantage
of
the
energy
distribution
of transmitted
electrons
which
interacted
with
the
specimen.
All
these
electrons
are collected
and can be displayed as
an energy loss spectrum for ana lyti cal purposes.
Images can be produced from selected regions from
the energy distribution
allowing the mapping of
specific
elements.
The main advantage of EELS
imaging in biology is its spatial
resolution
of
0.5 nm or less and its great sensitivity
allowing
nearly
a single
atom detectability.
The
limitations
reside
essentially
in
specimen
preparation.
In order to obtain optimal results
with EELS imaging, only very thin specimens can
be used.
This restricts
the way biological
specimens
can be prepared.
This is a real
cha ll enge
for
the
analysis
of
diffusibl e
e l ements.
Other
limitations
reside
in
the
difficulty
of quantifying
the results
obtained.
This is greatly due to the fact that theoretical
considerations
still
have to be experimentally
validated.
The purpose of this review i s not to repeat
in l ength the principle
of EELS but to emphasize
its achievement
in biology
and to assess
the
present
advantages
and limitations.
Al so, as
EELS imaging is still
in its development phase,
results
al ready obtained are a strong indication
that this technique has a great prospect in the
analysis of dynamic biological
processes.

In the last two decades, emphasis was given
to elemental
analysis
in cells
and tissues
to
understand
the
rel at i onshi p between chemical
activities
and the structural
organization.
To
achieve
this
goal,
the requirements
are the
instrumental
capabilities
of
detecting
and
displaying
the
distribution
of
very
small
quantities
of a given element at high spatial
resolution
and specimen preparations
in order to
maintain
this
element
in
situ
without
compromising
the
instrument-, sultimate
performance .
.
Despite
the
progress
made
in
x-ray
m1croanalys1s
[37,96,97],
the visualization
of
the distribution
of a given element relate.d to
the ul trastructura
l organization
of tissues
and
cells is limited by the poor resolution
of the
system.
This is due to the inefficiency
of
collecti ng x-ray photons.
In addition
the
information
obtained
is due to a seconda'ry or
even tertiary
s ignal.
Moreover, for low z
elements the yield of x-ray production is reduced
due to competing processes such as Auger electron
emission [39 (pl-64)].
These disadvantages
can
be overcome by use of transmitted
electrons which
can be collected
efficiently
and analyzed
directly.
This is the case in electron
energy
loss spectroscopy
(EELS).
Electron energy loss
spectroscopy
takes
advantage
of the
energy
distribution
of transmitted
electrons
which have
interacted
with a specimen.
Its applications
generally
take
two forms:
display
of the
spectrum
at
a
selected
image
point,
or
acquisition
of an image taken from a selected
region of the energy distribution.
The principle
of EELS has been a review
topic
in numerous papers [16,18,3l(pl-228),42
(p223-244),45,56
(p249-276),63],
and
its
appl icati ans in biology has al so been discussed
extensively
in recent years [20 ,27 ,46 ,4 7,49, 71,
95]. Therefore, the purpose of this paper is not
another theoretical
review but to emphasize the
present status of EELS in biology and to assess
the related advantages and limitations.
As will
be
discussed
below,
several
properties
of
EELS make
this
elect ran
microscopical
analytical
technique
very useful
for the study of biological
specimens.
These
properties
are: a) the ability
to enhance the
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contrast
of an image,
avoiding
heavy metals
treatment
or staining
of the specimen, and still
preserve
the high spatial
resolution;
b) the
acquisition
of images from fairly
thick specimens
by obviating chromatic aberrations
through energy
filtration;
c) the high efficiency
of collecting
signals
from low to medium Z elements
which
include
many elements
that
are of biological
importance;
d) the capability
of allowing through
el ementa 1 mapping the study and construction
of
molecular structures,
and e) the high spatial
and
mass resolution
in microanalysis.

ENERGYLIBS SPECTRlM
(SCHEMA.TI
CJ

l

Zero Loss
Low Loss ►

Core Loss (Ionization)

The EELS Spectrum
The graphical
display of the energy loss of
electrons
scattered
by the specimen versus the
corresponding
electron
intensity
represents
the
EELS spectrum
(Fig.
1).
In a typical
EELS
spectrum, the first
peak (zero loss) is formed by
the
combination
of
elastically
scattered
transmitted
electrons
which did not lose any
appreciable
energy (interacting
with the nuclear
field
and thermal
vibrations
of atoms in the
specimen)
and electrons
which have not been
scattered.
The zero loss peak is followed by a series
of low energy fluctuations
(low loss) due to the
electrons
which interacted
with
the
valence
electrons
of atoms in the specimen or electrons
in molecular orbitals
[36,44,57]
and then proceed
to form a smooth curve decreasing
in intensity
concurrently
with increasing
energy loss.
Sharp
increases
or signals
representing
the ionization
of the inner-shell
of an atom are superimposed on
this decreasing
intensity.
These sharp increases
take the form of edges rather than peaks.
this
is due to the fact that electrons
ejected
from
the inner shells
can acquire
additional
kinetic
energy
in the
interaction
with the
primary
e 1 ect rans.
These i oni zat ion edges correspond
to
specific
inner-shell
binding
energies
of an
element,
thus
indicating
which elements
are
present within the specimen.
The intensities
of
these edges decrease
with increasing
inner shell
binding energy because of the decreasing
cross
section.
The signal
also
decreases
due to
decreasing
collection
efficiency
but this effect
can be made small by accepting
large scattering
angles into the spectrometer
or applying
higher
accelerating
voltage
to decrease
the scattering
angle.
In a typical
EELS spectrum
the pre-edge
region general l.Y. follows the nature of a power
curve ( I = ACr where I is the intensity
of
electrons
which have suffered
an energy loss, E
is the energy lost,
and A and rare
constant
values which depend on the shape of the curve)
[25,65],
which can be used to extrapolate
the
background below an ionization
edge.
To do this
at 1east two pre-edge intensity
readings must be
recorded
in order to solve for the constants
A
and r at every point in the curve.
After the
background
has been subtracted
from the total
signal at the ionization
edge, the net elemental
signal
can be converted
to absolute
number of
atoms and finally
concentration
[28,31(p229-289),
53,54,56
(p277-299)].

0

Fnergy Loss (eV)

Fig. 1. A schematic energy loss spectrum typical
for biological
thin sections.
The first
edge
shown here
in the core
loss
region
is the
characteristic
edge for carbon K-shell.

Spectrometers
The transmitted
scattered
electrons
are
dispersed
in energy by a spectrometer
to form the
above-described
spectrum.
Several EEL spectrometers have been designed
and discussed
extensively
in Egerton's
monograph on EELS [31(p27128)].
Two of them are presently
commercially
available
and will be described
here .
The most commonly used is the magnetic prism
spectrometer.
It consists
of a properly designed
curved electromagnetic
lens capable of dispersing
the
incoming
electrons
into
a
spectrum
corresponding
to their
energies.
The magnetic
prism spectrometer
has the great
advantage
of
being compact and being added as an attachment
with no or minor modifications
to any CTEM or
STEM; Another advantage
of the magnetic prism
spectrometer
consists
of the fact that it is not
connected
to the high voltage
system of the
microscope.
Therefore,
higher
acceleration
voltages
can be used.
It is, however, essential
for any EELS system that the high voltage remains
very stable.
An energy selected
image can be
produced with the magnetic prism spectrometer
by
introducing,
after
the device,
a slit
or an
aperture.
However, EEL spectrometers,
like any
optical
element,
suffer
from
aberrations,
particularly
"aperture"
aberrations
which cause a
point image to broaden into an aberration
figure.
The second
type
of
spectrometer
which
recently
became commercially
available
is based
on the energy-selecting
magnetic
prism devices
which have been introduced
by Castaing and Henry
[13].
This spectrometer
consists
of a field
magnetic
prism
and an electrostatic
mirror.
Electrons
deflected
by the prism by 90 are
reflected
through
180 by the mirror passing
a
second time through the field.
These electrons
emerge from the prism in the same direction
that

Z58

EELS Imaging in Biology
they entered.
An aperture
or slit
pl aced just
below the prism allows the passage of only the
electrons
whose energy lies
in a selected
range
to form a filtered
achromatic
image.
In the last
fifteen
years
this
type
of filter
has been
considerably
improved by the group of Ottensmeyer
in Toronto [ 40, 73].
The prism-mirror
spect rometer is installed
just above the projector
lens
and is connected to the high voltage supply. The
position
of the spectrometer
and its dependence
on the high voltage
prevent
it to be readily
installed
in modern pre aligned
columns.
With
this spectrometer,
the spectrum or image can be
recorded directly
on photographic
plates or films
thus reducing
considerably
the recording
time.
With the prism mirror spectrometer,
images with a
resolution
of less than 0.5 nm have been obtained
from biological
specimens [l,69].
Elemental

[1 8 ,46,51].
This
aspect
is
particularly
important
for quantitative
considerations
[59].
The great advantage of this system is the short
acquisition
time (frequently
not more than 10
sec) and the spatial
resolution
which, according
to the specimens analysed,
can be as low as 0.3
nm [69].
Applications

in Biology

EELS imaging
can be used for
several
applications
in biology.
This subject
has been
recently
reviewed
extensively
by Jeanguillaume
[47].
The possibility
to produce an achromatic
image (bright
field
or dark field)
improves
contrast
as well as resolution.
The improved
contrast
is
related
to the
fact
that
only
electrons
with energies
within the range of the
selecting
window participate
in
the
image
fonnation.
The
interrelationship
between
contrast
and
resolution
then
also
assures
improved spatial
resolution
[81].
This has been
beautifully
i 11 ustrated
by Ottensmeyer [see ref.
74, Fig. 4].
The same area of a thin section was
photographed
in bright field using all energies,
in elastic
bright
field
and in elastic
dark
field.
The two latter
images were produced using
a prism
mirror
s pect roscopi c system.
The
in c rease in contrast
is dramatic when comparing
the bright
field
image using all the energies
with the elastic
bright field or the elastic
dark
field
images.
In the elastic
dark field
the
resolution
and sharpnes s is even better
because
only electrons
which interacted
directly
with the
preparation
ar e used to form the image without
interference
by
the
dir ectly
transmitted
electrons.
This property
can be applied
to
obtain
excellent
contrast
from
very
thin
unstained
specimens.
More and more it
became evident
that
conventional
fi xation
using
osmium tetroxide
(Os0 4 ) denatures
proteins
and other constituents
of cells [32 ,8 2].
Several preparation
procedures
avoiding the use of Os0 have been proposed and
4
are
now almost
routinely
used
[12,23,99].
Fixation at subzero temperatures
and embedding in
resin at -20 to -70 C is one example.
The use
of Os04 has to be banished from preparation
to be
embedded in low temperature
resins
because it
interferes
with polymerization.
Thin sections
cut from material
fixed with gl utara l dehyde only
and embedded at sub-zero
temperature
can be
readily
examined
using
EELS imaging.
The
possibility
of
visualizing
ultrastructural
details
on sections
which do not contain
any
heavy metals fixatives
or stains will be of great
use,
particularly
in
sections
prepared
for
immunocytochemistry.
This is particularly
true
for labelling
labile
proteins
whose antigenicity
can only be preserved by low temperature
preparation
methods.
In addition,
avoiding
OsO
fixation
and heavy metals
staining
allow thi
visualization
of substructures
normally masked by
these metals.
One somewhat unanticipated
result
is the
effect
of energy
filtration
in bright
field
images of thicker
sections.
For elastic
images,
contrast
and reso l ution is improved due to the
aforementioned
selection
of
a small
energy

Mapping

As mentioned
before,
the signal
which is
above the background
or the smooth curve of
declining
intensities
represents
the
characteristic
elemental
signal •
In order to
obtain the net elemental signal from the spectrum
the background has to be subtracted.
Similarly,
this
can also be done for images in taking
at
least
two EELS images.
With both mentioned
spectrometers,
elemental mapping can be produced
by a fixed beam or a scanned beam.
Both ways
have advantages and disadvantages
[3l(pl24-125)],
and
are related
to electron
dose, acquisition
time and spatial
resolution.
In STEM, each pixel
is measured in sequence and the values of the
background
can be extrapolated
from
values
obtained
from channels
registering
the values
below
the
ionization
edge
and
immediately
s ubtracted
by computer to give a net elemental
pi xel [35, 60,61,62].
Another way is to store the
pre-edge images and subtract
this background from
the STEM image containing
the total edge signal.
The integration
of parallel
recording
of spectra
with an efficient
computer system provides
the
simultaneous
acquiring
and processing
of images
and also reduces the accumulated dose [10,30,66,
86,90].
The d i sadvantages
are the time of
acquisition
which is at least a few hundred times
longer than in the CTEMdue to available
electron
current
limitation s and spatial
resolution
which
is related
to the probe diameter in STEM.
In the CTEMthe simplest method to obtain an
elemental
mapping is to take an image just below
the edge and an image just above the i oni zat ion
edge and subtract
the
first
image from the
second.
This can be done photographi ca 11y [ 69].
To provide
consistency
and reproducibility,
a
region
of interest
is digitized
on the two
pictures
by a microdensitometer
(e.g.,
512 x 512
pixels).
These images in the fonn of matrices
are
then
normalized
and the
subtraction
made by
computer [3,4].
The disadvantage
in using only
one picture
to determine
the background for the
subtraction,
lies
in the assumption
that
the
energy dependence in the spectrum is independent
of thickness,
density
or composition
of the
preparations.
This could lead to inaccurate
results
and therefore
the use of multiple
images
(more than one pre-edge
image) is advocated
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window. However, even when this small window is
moved into the energy loss spectrum, no contrast
reversal
is seen due to multiple
scattering
effects;
merely a gradual diminution of contrast
is seen, without loss in spatial
resolution.
These effects,
though not yet completely analysed
mathematically,
have al ready been used to
advantage for specimens with a thickness close to
1 µm [78].
This imaging mode is potentially
useful as an alternative
to high voltage electron
microscopy which has been a popular method for
the
studies
of thick
biological
specimens
[21,33,34,77,79].
The major application
of EELS imaging,
however, resides in elemental mapping. Research
in the elemental
composition
of bio logical
specimens can be subdivided into two categories:
the covalently or tightly bound elements and free
electrolytes.
Investigations
related
to the first
group
are essentially
linked to the study of elements
which are an integral
part of the structural
architecture
of cells
and tissues.
These
elements are bound together
to form specific
structures
and are sufficiently
stable to be
maintained
in situ
during
preparation.
In
assuming thatno denaturation occurred during the
pre pa ration , ele mental mapping can be used to
study the ult rast ructura l configuration.
It is
obvious that only certain elements can be mapped
for this purpose.
For example, the mapping of
phosphorus contributed
to the understanding
of
the configuration
of DNA, nucleosomes, ribosomes,
and even membranes [7,8 , 36,38,58].
It has been
shown that the magnetic energy filter
(prismmirror-pri sm) gives excellent
results
in this
field of research.
The mapping of ca rbon, which
is a universal component of organic material and
an integral
part of most of the support used to
analyze isolated macromolecules, would be futile.
Its mapping, however, is of greatest
importance
to study possible mass loss or contamination due
to radiation
damages [26,29].
Without underestimating
the values of the research made in
this first category, which could ultimately l ead
to the recognition
of sequence defects in DNA,
RNA and protein synthesis,
among others,
great
emphasis has lately been given to investigation
related to the second category.
Investigations
related to the second gro up
involve the study of elemental
movements and
depositions
which affect
the physiology
and
pathophysiology
of cells
and tissues.
These
elements
are coupled to proteins
for their
transport
(e.g.,
calmodulin
as a carrier
for
calci um) deposited in an insoluble form, or exist
in their ionic state .
The studies
of ionic
concentrations
of
calcium, potassium, sodium, magnesium and other
elements
in the different
intracellular
and
extracellular
compartments and the study of their
movements, are of utmost importance to understand
physiological
and pathophysiological
mechanisms
at the ultrastructural
level .
Among these
studies,
promising results have been obtained in
mapping calcium in striated
muscles [69,88,89],
and in normal and damaged mitochondria of the
proximal renal tubule [92 , 94]. In the normal
mitochondrion,
the concentration
of calcium is

Fig. 2. Calciu m L23-edge maps obtained by using
one pre-edge
image at 320 eV lo ss as the
background reference for the post-edge image at
360 eV loss.
In both images (a and b), the net
calcium signals are overlaid
on energy filtered
dark field images.
a)
A mitochondrion in an
epithelial
cel l of a proximal convoluted tubule
in normal kidney; b) portions of mitochondria in
a similar
region however kidney subjected
to
ischemic injury.
Bars= 100 nm.

very low (Fig. 2a) and the element appears to be
associated
with the cristae
and the inner
mitochondrial
membrane.
In the mitochondria of
epit helial
cells
of the proximal tubules
of
kidney s ubject ed to ischemic acute renal failure,
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the calcium concentration
increases
with the
severity of the lesions and is distributed
all
over the mitochondria (Fig. 2b).
Preliminary
studies indicate that some calcium is associated
with phosphorus.
This might represent
the
initiation
of calcium phosphate crystallization.
This was shown by mapping both elements (calcium
and phosphorus) and establishing
the ratio
between them (unpublished results).
A list
of
biological studies using EELS as a tool is given
in Table 1.
Limiting Factors in EELS Imaging for
Microanalysis
Present results have shown that under ideal
circumstances EELS can detect as low as 3 atoms
of Ca [91] and produce images with spatial
resolution
of 0.3 nm [69].
Theoretical
and
instrumental
limitations
in EELS have been
discussed in depth by several authors [17,19,50,
52,76].
Therefore, only specimen related factors
will be emphasized below.
The limitations
in EELS imaging are of
several types.
Most of them are related to the
specimen preparation.
A few limitations
are
directly
related
to radiation
damage and the
instrumentation.
It has to be emphasized that the mapping of
elements by EELS imaging represents the location
and quantity of these elements at the time of
analysis but not necessarily in the living state.
This is related to specimen preparation,
especially for the analysis
of diffusible
elements
which might have been extracted or translocated.
In addition, ideally, elemental mapping with EELS
should only be performed on very thin specimens
which further restricts
the way specimens can be
prepared and processed.
It is accepted that
elements in quick-frozen tissue are maintained in
situ and ideally, frozen hydrated sections should
be used for any elemental analysis [37].
Unfortunately,
it is presently not possible to obtain
thin enough cryosections.
Frozen dried sections,
which are considerably thinner, show large variation in thickness which makes them not entirely
satisfactory
yet for EELS imaging. Such specimens
necessitate complex processing of the data.
This
processing remains to be validated.
To avoid
this complex processing very thin and smoother
sections have to be produced. Such sections can
only be obtained by cutting
specimens from
materials quick frozen, dried and embedded in a
non-polar resin.
This technique has been used
and improved by several investigators
[15,24,43,
64,92,100].
It is still not entirely proven that
diffusible
elements are not extracted or translocated during the embedding phase.
There is
more and more evidence that elements stay in
place [43].
The major problem resides in the
fact that elements are extracted during cutting
when the sections are allowed to float on water.
Our recent results indicate that this extraction
is true for potassium, sodium and chlorine.
It
appears, however, that calcium is retained in the
sections (unpublished results).
The ideal thickness of biological specimens
for microanalysis by EELSor EELS imaging depends
on two factors.
The first factor is related to

TABLE 1
Summary of EELS applications

Specimen

Element

Amino acids
Bacteria

C,N,0,S
P,Ca,N,O
Ca
N,O,Fe

Bone marrow
Cartilage
Cholesterol
Diatom
Exoskeletal
Complex (Lobster)
Ferritin
Golgi
HeLa cells
Hematin
Lecithin
Membrane
Mitochondria
Muscle

Ca,P,S,
Ca,P ,Al
Ca,C
Low loss
p

Ca,P,S
Fe,C,
Low loss
Fe
p

P,S
Fe,C,N,O
Low loss
Low loss

Ca
Ca

Ca,P
Myelin sheath
Neuron
Nucleic acid bases
Nucleosomes
Osteoblast
Pancreas
Plant cells
Platelets

p

F,N
C,N,O
p

Ca
C,N
Si ,C, 0
F

Ca,P
Ribosomes

p

Rough ER
Septate junction
Spectrin
Synapses
Virus

p
p

in biologya

Reference

s
s
s
S, I
I
I
I

s
I
I
I

s
s
I
s

6

87,88,95
36

45,68
11, 71
27

s
s

69, 71

I
I
S, I

92,94

S,I
I

69
59
44,45,48
7,8,38,73

s
s

s

I
S,I
I
I
S, I

s

I
S, I
I
I

Low loss

s

Ca

I
I

p

67
27,
14
46
2,4,5,
3
59,60,61
36
73

36

36
69
85,88,89
95

69

35,60
71
22
27

58,73,88
9

11,71,74
72

36
80
1,69,70

a More extensive and detail
list has been
published by C. Jeanguillaume
[47]
b S = spectrum;
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specimen will affect the signal to background
ratio.
In a very thin specimen this ratio can be
high, while in the thicker specimen with the same
concentration
of the element, this ratio can be
much lower.
This phenomenon is due to multiple
scattering.
To obtain quantitative
results expressed as
concentration
of an element in a particular
compartment of cells or tissues,
the thickness
and the density of that particular region of the
specimen has, therefore,
to be known. To date,
only approximate values can be estimated for the
latter
parameter.
Finally,
the ionization
cross-section
for a given element in a particular
condition must be determined experimentally
or
theoretically.
It has been shown that the
experimentally
determined
cross-section
can
differ
from that obtained theoretically
by as
much as one order of magnitude [93].
To obtain
absolute quantification
in EELS imaging, one must
be aware of the exact values of each parameter.
In addition to the limitations
related to
the specimen preparation and instrumentation,
the
complexity of EELS imaging made its development
slow. The introduction of commercially available
spectrometers
and computer software has not
reduced the necessity
to have a considerable
expertise to process the obtained data.
It has
to be emphasized that many theories still have to
be validated experimentally,
particularly
for the
application of EELS imaging in biology.

the amount of an element to be analysed.
To be
detectable,
this
amount has
to
give
a
sufficiently
large signal to be recognized above
the background noise.
The second factor is
related to multiple scattering of electrons.
In
a thick
specimen, multiple
scattering
will
produce a reduced characteristic
signal on a high
uncharacteristic
background.
It is easy to show
from Poisson statistics
that the appropriate
thickness is one-third of the mean free path of
electron scattering,
if the multiple scattering
error is to be below approximately
15% [75].
Therefore,
for biological
specimens, section
thickness should not exceed 30 nm for 80 kV. In
our experience,
sections
from 5-30 nm in
thickness appear to be adequate for EELSmapping
of biological
material.
However, the useful
range of specimen thickness
increases
with
increasing beam energy.
It has been determined
that the mean free path increases with increasing
electron
energy up to about 500 kV [83,84].
Higher acceleration
voltage (above 100 kV) al so
improves the detection
of characteristic
inner
shell atomic level excitation.
Thus improves the
signal to noise ratio [41].
Isolated
macromolecules constitute
ideal
preparations
for EELS mapping.
The thickness
rarely exceeds 30 nm, the only limitations
being
possible
beam damage and denaturation
of the
configuration of the molecules.
In any type of analysis
of biological
specimens, radiation
damage, particularly
mass
loss, has to be taken into consideration.
This
mass loss is particularly
important for low Z
elements which are the most mobile [3l(p322-328].
This mass loss may differ considerably from one
specimen type to another.
Experimental data are
necessary to assess this loss for a particular
condition and for a given specimen. Reduction of
mass loss can be achieved by low temperature
analysis,
reduction
of exposure
time,
low
magnification
analysis,
efficient
signal
collection
and fast recording time [71].
For
long recording times, in particular
in the STEM,
the stage movement and specimen instability
can
induce erroneous mapping.
A fast computer
processing is therefore necessary to reduce the
acquisition
time.
Movements of the specimen
and/or stage are of less consequence when a
prism-mirror system is used since the acquisition
time per image is short.
That is, it allows the
recording of all image points simultaneously, but
images of different
energy losses have to be
recorded separately, which is the reverse for the
STEMsystem.
Typical exposure time for EELS imaging in
CTEM is 2 to 10 sec at a magnification
of
40,000X.
this correspond
to an exposure of
2
approximately 2 to 10 Cb/cm • Such a dosage is
large compared to the exposure used for very high
spatial resolution electron microscopy but it is
small by a factor of 10 to 100 when compared to
the exposure necessary for x-ray microanalysis.
For any kind of analytical
system, the
ultimate
goal is to be able to quantify
the
results.
Thi s quantification
for biological
specimens using EELS imaging is a real challenge.
All the above-mentioned limitations
interfere
with it.
For example, the thickness
of the

Conclusion
Despite the above mentioned limitations,
it
has al ready been demonstrated that EELS imaging
is able to produce images with the best spatial
resolution
obtained
on biological
specimens.
Furthermore, mapping of elements at very high
mass resolution
was also
achieved.
The
preparation
of biological
materials
for the
analysis
by EELS imaging still
has to be
considerably
improved. When this is achieved,
there is no reason to doubt that EELS imaging
will become a method of choice for the study of
not only the finest ultrastructural
details
in
cells and tissues, but also to relate these fine
structures
with the movements of elements in
physiological and pathological conditions.
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Discussion

with Reviewers

R. Egerton:
What do you have in mind by the
"comp l ex data processing
which remains to be
validated'?
Is this designed to deal with thick
sections
or
sections
whose
thickness
is
non-uni form?
Authors:
The expression
of
'complex
data
processing'
means the pixel by pixel processing
of signals
in order to take into consideration
the non-uniform section thickness.
For thickness
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G.M. Roomans:
Even though data obtained
by X-ray
microanalysis
at organelle
resolution
seem to
show that
freeze-drying
does not
induce
ion
redistribution,
can one exclude ion movements at
the higher
resolution
allowed
by EELS (e.g.,
precipitations
of ions on the nearest
membrane)?
Authors:
In freeze-drying
there is no doubt that
diffusible
elements
are attached
on the nearest
structure,
not necessarily
membrane.
The microskeleton
and/or
proteins
are possible
sites
of
such precipitation.
This explains
why we are
able to map Ca in areas where membranes are not
present
and also indicates
that the translocation
is minimal.

correction,
deconvolution
of multiple
scattering
has
to
be
used
as
proposed
by
several
investigators
[51, 55, 61, 91, 98].
R .D. Leapman:
As stated
by the authors
the
concentration
of calcium
in normal mitochondria
is very low.
In fact,
investigators,
such as
Somlyo et al.
[ref.
97],
have established
for
several
different
cells that the Ca concentration
is <l mmol/kg dry weight
(40 ppm).
Even in a
thin sample the signal/background
ratio
for the
Ca L23 edge would be <0.001.
In an embedded
section
the concentration
and S/B would be even
lower
than
this
figure.
It
seems
rather
surprising
therefore
that
it is feasible
to map
Ca i n the c r i st a e of no rma l e pi the l i al c el l
mitochondria
as indicated
in Figure 2a.
Is it
possible
that
mass-thickness
effects
are
responsible
for the appearance
of calcium in the
c ri stae?
Authors:
We agree
that
with
such
a low
concentration
of
Ca in
normal
mitochondria,
should the element
be evenly
distributed
in a
diluted
form,
it would be very difficult
to
detect.
However, as shown in figure 2, Ca is not
evenly
distributed
but certain
areas
are more
concentrated
than others.
The small
spatial
variation
in concentration
can only be clearly
shown by mapping the element.
We are confident
that these results
are not due to mass-thickness
effects
because the mapping of P indicates
that
the location
of this element does not necessarily
correspond
to that of Ca.

G.M. Roomans:
Would it be possible
to check the
validity
of a Ca map at low Ca concentrations
(such as in Fig. 2a) by making, e.g.,
an Ar map
under
the same conditions
(since
Ar is with
certainty
absent from the specimen)?
Authors:
This
is
possible
and it
is
our
intention
to use this sort of model as controls.
!~e are currently
al so testing
other methods of
signal
processing
such as using the 2 or more
parameters
method, to prove the validity
of a Ca
map.
This
will
also
allow
accurate
quantification
of our results.
C.

Colliex:

Regarding
comparison
of CTEM and
obtain the same signal and SNR for one
pixel if the same incident
dose is used whether
it is in a CTEM or a STEM, provided
all other
factors
are supposed to be equal.
This is a consequence of the definition
of the cross-section:

STEM,
you

R .D. Leapman:
Caul d the authors
comment about
the
practical
detection
limits
for
energy
spectroscopic
imaging of dilute
concentrations
of
elements
such as calcium or phosphorus
in terms
of signal/noise
at
each
pixel
in an energy
spectroscopic
image?
Authors:
This is an important
question
to be
considered.
We are in the process of determining
the detection
limits
using homogeneous standards.

S = N • J

a.

T.

Consider one pixel of dimension d as measured by
microdensitometry
in the CTEMgeometry or defined
by the probe size in STEM. Assume d = 1 nm. In
this case N is the number of atoms in an area of
d2 and thickness
t.
J is the primary
flux of
electrons.
a is the cross-section.
T
is the
recording
time.
The product J.T must be the same
in CTEM and STEM cases,
i . e . , for instance
10 4
Cb/cm2,
as quoted
in the text.
It can be
obtained
in 1 ms with a primary flux of 10A/cm2
which is typical
of a FEG STEM on in 10 s with a
conventional
gun in a CTEM. These are the only
solutions
to be compared presently.
For 128 x
128 images the total
recording
time is equivalent
in both cases;
for increased
definition
such as
512 x 512, CTEM is more efficient
in terms of
total
recording
time.
But clearly
the use of CTEM electron
spectroscopic
imaging is not an advantage
in terms of
radiation
damage, because it is then impossible
to record
different
energy loss images simultaneously.
The only solution
is the STEM with
parallel
acquisition
of spectrum
: the gain in
dose radiation
is equal to the number of energy
loss channels
recorded
simultaneously.
Authors:
We wish to thank Dr. Colliex
for his
very constructive
comments.
It is evidently
of
greatest
importance
to
clarify
the
immense
potential
as well as the real limitation
of EELS
imaging.

G.M. Roomans:
How were the specimens
of which
the analysis
is shown in Figure 2 prepared?
Authors :
The specimens
used for mapping Ca in
figure
2 were quick-frozen
in liquid
propane
cooled by liquid
nitrogen
(entrance
velocity
>6
m/s).
The frozen specimens
were transferred
to
liquid
nitrogen
and then freeze-di r_e.J at -130 C
for 3 weeks under a vacuum of 10 Torr.
The
specimens
were then gradually
brought
to 20 C,
osmicated
with 0s0
vapour and then embedded in
4
Spurr's
resin.
For elemental
mapping,
20 nm
thick sections
were cut.
G.M. Roomans:
What data support your conclusion
that
''calcium
appears
to be retained"
in the
section
when it floats
on water?
Which tissues
have been investigated
and by what methods?
Authors:
We have
compared
the
elemental
compositions
of dry cut sections
with sections
cut and f l oated on water by EDS, which showed the
drast i c removal of K by water while the Ca signal
remained the same.
This experiment
was done on
mitochondria
of the s1 segment of kidney in acute
renal
failure
where 'the concentration
of Ca is
known to be high and K still
detectable
by EDS.
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